Three aminonaphthalimide derivatives were synthesized bearing different anchoring groups in their 4-position in order to adjust the supramolecular interactions with carboxylato-pillar[5]arene (WP5), an anionic, water-soluble host. The modification of the anchor groups resulted in varying association constants embracing three orders of magnitude (K a from $10 3 to $10 6 ) in buffered water. Since the fluorophore responded significantly to the electronic environment, large fluorescence quenching was observed with the anionic WP5 host. The naphthalimide indicator-WP5 supramolecular assemblies were used to detect arginine and lysine with complete selectivity over other non-basic a-amino acids by turnon fluorescence. The same assemblies proved to be highly sensitive fluorescence displacement assays for the detection of cadaverine.
Introduction
The construction of uorescence indicator displacement (FID) assays with macrocyclic receptors is a prosperous eld of supramolecular analytical chemistry.
1,2 These systems exploit the principle of competitive binding assays applied extensively in biochemistry: a receptor binds a uorescent indicator rst, creating the sensing assembly, from which the indicator is displaced by the non-uorescent analyte. [3] [4] [5] The uorescence of the system depends on the concentrations of the bound and free forms of the indicator and thereby on the concentration of the analyte.
Numerous macrocycle-dye complexes were investigated in the past decade applicable as FID assays for the detection of various analytes. 4 The macrocyclic hosts in these complexes were most oen cyclodextrins, calixarenes and cucurbiturils. Pillar[n]arenes 6 are a new class of macrocycles, containing n hydroquinone units linked together in p-position with a methylene bridge. In the past years, various applications were discovered mainly by the versatile host-guest chemistry of these compounds. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] However, these applications were mainly carried out in organic media using primarily alkyl-and functionalised pillararenes. Water soluble pillararenes containing usually ionic (carboxylato-, 18, 19 ammonium, 20,21 imidazolium
22
and recently, phosphoryl 23 ) groups are emerging as popular hosts in aqueous media. Carboxylato-pillar[n]arenes (WPns), rst synthesized by Ogoshi in 2010 (ref. 18) (n ¼ 5) are interesting structures due to their hydrophobic, electron-rich cavity and anionic outer rim. These macrocycles are ideal hosts for ammonium-containing and electron-decient guests. 18, [24] [25] [26] [27] As was demonstrated, WP5 forms strong complexes with basic amino acids and cadaverine, the interactions were, however, monitored only by NMR-studies.
28
As a rst example for a chemosensor, a pillar [5] arene functionalized with a pyrene uorophore was synthesized by Stoddart to detect diamines in acetonitrile/water mixtures. 29 This was followed by FID assays with WPn hosts. The operations of a quaternary ammonium attached to tetraphenylethene 30 and an N-methylacridinium 31 uorescent guest in WP6 and WP5, respectively, were demonstrated as FID assays for paraquat. Recently, we reported the complexation of 4-styryl-N-methylpyridinium iodide and two other stilbazolium dyes with WP5 in water 32, 33 and proposed a FID system for the colorimetric and uorescent detection of paraquat with a detection limit of 0.2 mM. To our knowledge, no pillar [5] arene-based indicator displacement assays were constructed for analytes with biological relevance, such as amino acids (AAs).
Detection and quantication of AAs and related compounds is mainly based on chromatographic 34 and electrochemical
35
methods. Besides, in the past years, there has been a rapid progress in the development of uorescent and colorimetric chemosensors for the detection of AAs, 36 however there is still a need to increase the selectivity and simplicity of these systems. Basic amino acids, arginine (Arg) and lysine (Lys) have N-containing units on the side chain that is vital for the proper function of the living systems. Their uorescent and/or colorimetric detection is usually achieved by metal complexes, [37] [38] [39] [40] metal nanoparticles, [41] [42] [43] cucurbituril-or cucurbituril-analoguebased differential sensing platforms [44] [45] [46] or by utilizing their nucleophilicity and basicity for bond cleavage. 47, 48 Biogenic diamines are usually detected by non-selective amine chemosensors [49] [50] [51] [52] [53] [54] [55] or cucurbituril-based FID systems.
4
In this paper, our aim has been to introduce a novel principle to construct FID-based chemosensing systems for amino acids. Using an environment-responsive uorophore attached to different anchors in order to manipulate the association constants, the ne tuning the displacement process is possible to alter sensing parameters (selectivity, sensitivity). This was demonstrated by supramolecular systems containing 4-amino-1,8-naphthalimide uorophores with three different anchors as guest, and WP5 as host, the rst pillararene-based FID systems to detect basic amino acids. These systems also proved applicable for the detection of biogenic diamines.
Results and discussion

Structures and syntheses
As the uorophore unit of the guest molecules, the 4-amino-1,8-naphthalimide group was selected, which has the special advantages of convenient derivatization and the easy modulation of its uorescence via photoinduced electron transfer (PET) process. 56 In water, the uorescence of this uorophore is quenched due to the stabilization of its ICT state. However, when the substituent attached to the 4-position becomes positively charged, the uorescence is recovered due to the inhibition of the PET process. This principle is widely used for the uorescent detection of metal ions. [57] [58] [59] Since WPns form strong complexes with several cationic guests, such as ammonium, imidazolium and pyridinium compounds, we speculated that some of these groups would be ideal as anchoring moieties.
The expected sensing mechanism of our FID systems is illustrated in Scheme 1. The complexation of the naphthalimide derivatives by WP5 leads to a uorescence quenching, since the negative charges on the rim of the pillararene host compensate the positive charge on the anchors of the guests, restoring the PET effect. These systems will then provide a turn-on uores-cence response to the addition of non-uorescent analytes as competitive guests.
Guests G1-G3 ( Fig. 1) were synthesized using the general methods to yield substituted naphthalimides (see ESI for synthetic details †). WP5 was synthesized as described recently.
60
G1 has a putrescine anchor and is already mentioned in the literature as an anchored indicator for cucurbituril hosts.
61 G2 and G3 are new naphthalimide derivatives. G2 contains an imidazolium moiety as anchor and was prepared from 4-(2-bromoethylamino)-1,8-naphthalimide 57 and N-methylimidazole. G3 bearing a trimethyl-ammonium end group was synthesized in a similar manner. This latter dye was designed to be a "poorly" complexing indicator since the size of the WP5 cavity allows only a weaker binding of this guest. The compounds were fully characterised using NMR and HRMS techniques. The complexation studies were performed using optical spectroscopic methods and 1 H-NMR measurements.
Complexation studies
As had been expected, all the three guests uoresced well in HEPES-buffered aqueous media (pH 7.4) due to the inhibition of the PET process by the primary (G1) and quaternary (G2 and G3) ammonium anchor groups. The results with the spectral properties are summarized in Table 1 . The complexation with the anionic WP5 caused a signicant reduction of the uores-cence due to the charge-compensating effects of the carboxylate arms of the host (Fig. 2) . Since the positive charge was effectively shielded, the uorescence decreased due to the increased PET. The Job's plots of the indicator-WP5 systems (ESI Fig. S12 -S14 †) indicated a stepwise supramolecular reaction: besides the expected 1 : 1 complexes, 2 : 1 (guest : WP5) complexes were also formed. The stepwise association constants for the two complexes were determined by a least square tting to the uorescence spectra of samples with the same indicator and different WP5 concentrations ( Table 2 , see ESI Section 6 for details †). As at the higher WP5 equivalents, applied in the displacements assays, the dyes were present predominantly in the form of their 1 : 1 WP5 complexes, the concentrations of 2 : 1 complexes were negligible, we discuss here briey only the trends in the K a1 association constants.
The (Fig. 3) .
The complexation was fast enough to present one set of signals in each case. In the case of G1, the protons of the anchor moiety displayed unusually large upeld shis (up to Dd ¼ À3.4 ppm) making some of the methylene protons appear at negative chemical shis. The aromatic protons of the uorophore showed slight downeld shis with the exception in the 3-position near the anchor unit that exhibited some upeld shi.
This can be rationalized by the partial inclusion of the molecule illustrated in Scheme 1: the anchoring unit penetrates the cavity, whereas the naphthalimide moiety remains at the rim of the macrocycle. The protons of the host remained mostly unchanged, which indicates that there was no signicant restriction in the movement of the constituent units. Similar effects were observed with G2: large upeld shis of the Nmethylimidazolium protons (up to Dd ¼ À1.1 ppm) and the spacer methylene units (up to Dd ¼ À2.4 ppm) accompanied by the broadening of the signals, which is attributable to the shielding effect of the macrocycle. The aromatic protons of G2 exhibited some downeld shis as well. Due to the positive charge on the G2 guest, some changes could be detected in the signals of the WP5 macrocyclic host. The sterically less favorable guest G3 showed somewhat different changes: we suppose that due to steric hindering, complete inclusion could not be reached, therefore only small changes were detected in the signals of the anchor moiety (i.e. the trimethylammonium group showed Dd ¼ À0.13 ppm). The different complexation was also suggested by the upeld shis of the aromatic protons of the naphthalimide unit.
To gain further insight into these distinct host-guest interactions, we calculated the anchor volumes and compared them to the cavity volume of pillar [5] arene. It was conrmed that the ethylammonium ion (anchor for G1) with a volume of 77Å 3 , and the N,N 0 -ethyl-methyl imidazolium cation (anchor for G2) lling a volume of 143Å 3 can be included in the 152Å 3 cavity of the WP5 pillarene host, 9 whereas the volume of N,N-ethyltrimethylammonium moiety (anchor for G3) is 171Å 3 , exceeds the above cavity volume of WP5, preventing such type hostguest interaction (see ESI Section 7 for details †). 
Fluorescence indicator displacement
Due to their large signal modulation upon complexation and optimal binding constants with WP5, G1 and G2 were selected as potential indicators for FID systems. Upon addition of various amino acids (3 mM) to the indicator-WP5 complexes, a signicant uorescence enhancement was observed only in the cases of arginine and lysine. The effect could be characterized by the uorescence regeneration, F/F unbound , which is related to the proportion of the displaced indicators (Fig. 4) .
The screening experiment showed that the addition of nonbasic a-amino acids in high concentration caused negligible changes in the uorescence, with the exception of histidine, which resulted in a small uorescence enhancement. Thus, both of our FID systems showed a high selectivity towards the basic amino-acids. The two diamines, putrescine and cadaverine caused an almost complete uorescence regeneration of the free indicators (only cadaverine shown). Subsequently, titration experiments were performed to evaluate the sensitivity of the two indicator displacement systems for cadaverine, arginine and lysine ( Fig. S15 and S16 †) . A host concentration of 15 mM was selected (15-fold excess related to the indicator guest) to achieve a high level of indicator-WP5 complex, which was $95% for the G1$WP5 and $80% for the G2$WP5 system as can be calculated from the respective K a values.
Both systems were found highly sensitive for cadaverine with a large turn-on uorescence. A smaller, but still signicant enhancement was induced by arginine and an even smaller enhancement was reached with lysine. The weaker G2$WP5 complex showed the expected higher sensitivity towards the analytes, as can be seen in Fig. 5 . The limit of detection (LOD; for its calculation see ESI Section 8 †) was found to be larger by almost one order of magnitude in the case of G2$WP5: for cadaverine, the LOD was found to be 9.44 Â 10 À7 M and 1.41 Â 10 À7 M for G1$WP5 and G2$WP5, respectively. In the case of arginine, the LOD value of 1.34 Â 10 À5 M was obtained for the G1$WP5 assay and 3.27 Â 10 À6 M for the G2$WP5 assay. This example demonstrates that the sensing properties can be tailored and ne-tuned with varying the anchor unit with the same uorophore. In addition, due to the different sensitivity of these systems, differential sensing can be achieved based on the anchored naphthalimide indicators and WP5. The indicator displacement was further evaluated by 1 H-NMR-spectroscopy. Following the NMR investigation of the naphthalimide-WP5 mixtures (see Section 'Complexation studies'), the mixtures of the guests with cadaverine and arginine were tested in the absence of the host (Fig S17-S20 †) . No signicant changes were observed showing the lack of interaction of the indicators with the analytes. In the case of G1, the slight shi of the signals could be attributed to the pH sensitivity of the anchor group. Next, the indicator displacement process was studied by NMR spectroscopy (Fig. S21-S24 †) . Upon addition of cadaverine in 10-fold excess to the complexes of WP5 with G1 and G2, the displacement of the indicators was clearly visible, as the spectra of the free indicators were regained. However, when arginine was added to the G1$WP5 complex in the same excess, an average signal of the complex and the free G2 was observed as a result of partial displacement. Unfortunately, upon the addition of arginine to G1$WP5 precipitation occurred, it is unlikely, however, that in the latter system the indicator was displaced from the strong complex. With respect to the acid-base character of components, some aspects of the pH-dependence of the complexation and displacement reactions were also investigated. As could be Fig. 4 Fluorescence regeneration values (F/F unbound ) at 550 nm of cadaverine (Cad) and various amino acids using G1$WP5 (left, excitation at 450 nm) and G2$WP5 (right, excitation at 399 nm) systems as indicator displacement assays. For the screening experiments, the concentrations of the indicators were 3 mM using 15 equivalent host. The analytes were added in 3 mM concentration. expected, the complexation of G1 was pH-dependent (ESI Section 10 †), however, the association constants for G2$WP5 were almost identical in the 6.8-8.2 pH range. The indicator displacement of G2$WP5 was tested at pH values 6.8, 7.4 and 8.2: evidently, higher uorescence regeneration values were detected for the basic amino acids at lower pH, whereas, for cadaverine, no correlation was found (Fig. S25 †) .
As a further test of the G2$WP5 system, the more sensitive FID sensor for basic amino acids, the association constants for the lysine-WP5 and arginine-WP5 supramolecular complexes were determined by a least square tting to the uorescence spectra of G2$WP5-lysine/arginine mixtures, with different lysine/arginine concentrations. For the lysine-WP5 complex K a ¼ 1. 
Conclusions
In conclusion, the synthesized 4-amino-1,8-naphthalimide indicators having different anchoring groups in the 4-position were shown to form complexes with WP5 with varying association constants and large signal modulation. Two complexes were tested as indicator displacement systems for cadaverine, putrescine and a-amino acids. Both systems can detect cadaverine and the basic amino acids with high selectivity and different sensitivity. The FID process was further established using NMR spectroscopy. To our knowledge, this is the rst WP5-based FID sensing system for analytes with biological relevance. We believe that the current toolbox of indicator displacement assays could be further expanded with this intriguing host.
